Abstract Several management practices that are employed in Montados are known to affect the establishment and maintenance of Basidiomycota communities immediately after disturbances have occurred, contributing to their development or, conversely, decreasing their diversity. In this study we aim to evaluate the effects of the most common understory and soil-management practices on the diversity of the epigeous Basidiomycota a long time after disturbances have taken place. The study was conducted in a Montado (cork and holm-oak ecosystem) area in Southern Portugal (Alentejo). In 1998, four experimental treatments-control (C), mulching (Mu), mowing (Mo) and ploughing (P)-with three replicates each were carried out: C-untreated/untouched; Mu-cutting of shrubs followed by deposition of plant residues on soil surfaces; Mo-cutting of shrubs followed by biomass removal and soil tilling; P-cutting of shrubs followed by the incorporation of plant biomass into the soil through tillage. Macrofungal surveys were conducted fortnightly in the experimental plots between Autumn 2007 and Spring 2012. Significant differences in total and mycorrhizal richness were found between plots, with higher values being found for non-tilled plots and lower values for tilled plots. No significant differences were found in saprotrophic richness between treatments. Regarding the composition of taxa, Boletus and Russula were the main taxonomic groups affected by experimental treatments. Our results showed that soil tillage can result in a decrease in mycorrhizal taxa even a long time after disturbances have taken place.
Introduction
Cork-oak (Quercus suber L.) and holm-oak (Quercus rotundifolia Lam. = Quercus ilex subsp. ballota (Desf.) Samp.) montado ecosystems, are the most common agroforestry systems in Portugal, covering nearly 800,000 ha, mainly in the Alentejo region (Pinto-Correia et al. 2011) . These man-made savannah-type ecosystems are typically characterized by a few scattered cork and/or holm oak trees with an average tree density of about 60-100 trees per hectare, with a mosaic of pastures and agricultural fields as understory, in a rotation scheme that includes fallows (Pinto-Correia 1993) . Shrub clearing and rotational ploughing are common practices used to control shrub invasion, promote pasture production and prevent fires (Calvo et al. 2005; Plieninger et al. 2004 ).
Soil fungal communities are of the utmost importance in both natural and semi-natural forest ecosystems (Sardans and Peñuelas 2013) . For example, mycorrhizal fungi are capable of establishing symbiotic associations with the roots of most plant species, aiding plant nutrients and water acquisition (Brunner 2001; Guidot et al. 2003; Hartnett and Wilson 2002; Smith and Read 2008) , altering the competitive relationships between plants ( Egerton-Warburton et al. 2007; Kennedy et al. 2003) , protecting plant hosts from soil pathogens and environmental extremes (Smith and Read 2008) , and even playing an important role in the sequestration of C in soil (Treseder and Allen 2000) .
Montado ecosystems are known to sustain outstanding levels of species and habitat diversity (Plieninger 2007) while simultaneously providing multiple goods and services (Vogiatzakis et al. 2006) , representing an example of ecologically sustainable semi-artificial systems of special interest to conservation under the EU Habitat Directive. However, in recent decades significant changes to land-use and land-cover in montado ecosystems, as in many other long-established European agroforestry systems, are threatening their future maintenance (Pinto-Correia et al. 2011) . Nowadays, the traditional understorey and soil-management actions associated with montados are far more intensive, promoting more homogeneous and intense soil perturbations (Pérez-Ramos et al. 2008) which are highly disruptive to soil biota .
Recent studies have focused on the immediate and/ or short term effects of soil disturbances (i.e. shrub control, tillage and fertilization) on the diversity and abundance of macrofungal communities in montados. Azul et al. (2009) assessed the impact of current management practices used to control shrub strata in Portuguese oak woodlands dominated by Quercus suber over four fruiting seasons and their results show that shrub-density control by permanent grazing or cutting practices followed by soil tillage leads to lower fruiting production and greater changes in taxa composition, particularly for ectomycorrhizal fungial. (Barrico et al. 2010) suggested that land-management practices that do not include frequent physical alterations of soil lead to more diverse Basidiomycota communities. Nevertheless, the effect of several management practices on macrofungal communities a long time after disturbances have taken place has never been established.
In 1998 Canteiro et al. (2011) began studying the effects of experimental soil disturbances (mulching, mowing and ploughing) on the understory dynamics of a montado ecosystem in southern Portugal (Alentejo). They monitored the evolution of the community's physiognomy, composition and diversity over a nineyear period. At the end of their study the disturbed shrub communities, which were dominated by Cistus salviifolius L., had almost recovered but had not yet reached a stable equilibrium. We have chosen to evaluate epigeous Basidiomycota communities in the same study area with the aim of evaluating the effects the most common understory and soil-management practices (mulching, mowing and ploughing) on the diversity of epigeous Basidiomycota long after disturbances have taken place. The outcomes of this study may help to improve knowledge of the resilience of these communities.
Materials and methods

Study site
The study was conducted in Herdade da Mitra, near É vora (southern Portugal) (38°32 0 N; 8°01 0 W; 220 m a.s.l.). The area belongs to the Mediterranean pluviseasonal-oceanic bioclimate and is located in the low mesomediterranean bioclimatic belt. It has a dry to subhumid ombrotype (Rivas-Martiínez 2005) with a mean annual temperature ranging from 9.2 to 21.5°C and a mean annual rainfall of 664.6 mm (INMG 1991) . According to Canteiro et al. (2011) , the study site had previously been used mainly for extensive grazing purposes, and the vegetation in the area can be described as open oak woodland of Quercus suber and Q. rotundifolia, of the series Pyro bourgaeanaeQuercetum rotundifoliae S., with an understorey of shrubs, dominated by Cistus salviifolius L..
Experimental treatments and sampling procedures
In 1991, an experimental area inside the study site was fenced off. Since then, it has been completely protected from any external human intervention to allow the shrub communities in the area to recover prior to the start of an experiment conducted to assess the effects of different soil disturbances on the dynamics of a C. salviifolius shrub community over a 9-year period. The experimental design included three types of soil disturbances (treatments) and a control (untreated) with three replicates for each of them. In June 1998, four sets of three plots (50 m 9 14 m each) were randomly selected within the experimental area in order to conduct the experimental treatments. Only one of the following experimental treatments was carried out in each set of plots: the cutting of shrubs followed by biomass removal and soil tillage (mowing); the cutting of shrubs followed by the incorporation of plant biomass into the soil through tillage (ploughing); the cutting of shrubs followed by the deposition of plant residues on the soil surface (mulching); and leaving the plot untreated/untouched to be used as a control (control). After 9 years, Canteiro et al. (2011) reported that shrub leaf and wood biomass were still significantly lower than in the pre-disturbance situation and shrub height was still significantly smaller than in the initial situation. They also noticed a recovery of species richness in mulched plots, which at the end of their study did not differ significantly from the control plots whereas species numbers in ploughed and mown plots were significantly lower.
Between Autumn 2007 and Spring 2012, macrofungal surveys were conducted fortnightly in every plot. All observed Basidiomycota agaricoid and boletoid epigeous sporocarps present within the sampling plots were collected to ensure that taxa which are difficult to distinguish in the field were detected (Ó Dell et al. 2004) . Identification was carried out upon detection and whenever necessary specimens were kept in a freezer at 3°C for further verification. Representative voucher collections for all observed taxa were deposited at the É vora University Herbarium (UEVH-FUNGI). Each macrofungal taxon was included in one of three main trophic groups: saprotrophic, parasitic or mycorrhizal, in agreement with Breitenbach and Kränzlin (1984 , 1991 , 1995 , Frade and Alfonso (2003) , Kränzlin (2005) , Moreno et al. (1986) . Those taxa belonging to fungal genera whose trophic status was either highly improbable, uncertain, or not fully confirmed were included in the most likely trophic group.
Data analysis
Once the homocedasticity and normality of the data had been evaluated, the mean differences in sporocarp richness (total, mycorrhizal and saprotrophic) between years and between treatments were tested through a two-way ANOVA followed by Tukey post hoc tests. The similarity of the macrofungal assemblies found in each experimental treatment was compared using the Jaccard index (J) (Pielou 1984) . Additionally, a principal component analysis (PCA) was performed to highlight the similarities/dissimilarities between the macrofungal assemblies associated with each experimental treatment. All calculations were carried out using IBM SPSS Statistics 21.0 for Windows (SPSS Inc., Chicago, IL, United States) and PRIMER v.6.
Results
Throughout this study, 110 species belonging to 35 genera were identified from the plots over the 5 year sampling (Table 1) . Nearly 40 % of total taxa were widespread in the study area, occurring in both the control and experimental treatment plots (30 % of all mycorrhizal and 50 % of all saprotrophic species), whereas 13 % (all mycorrhizal) appeared exclusively in the control plots. Where trophic strategy is concerned, 70 were mycorrhizal and 40 saprotrophic. Five genera (Russula, Inocybe, Amanita, Lactarius and Clitocybe, in decreasing order) comprised almost 50 % of the total identified taxa (Fig. 1) .
Temporal fluctuations in Basidiomycota assemblies were observed during the study period although these fluctuations were not strong enough to be considered significant. Although no significant differences in total richness (N = 60, p = 0.577), mycorrhizal richness (N = 60, p = 0.847) and saprotrophic richness (N = 60, p = 0.051) were found between years, different trends were exhibited by the saprotrophic and mycorrhizal taxa. The former showed higher variations in richness that came close to being statistically significant.
Total and mycorrhizal richness greatly varied among treatments, particularly between tilled and non-tilled plots, with higher richness values being found in control and mulched plots (non-tilled) and lower values in mowed and ploughed plots (tilled) ( Table 2 ). On the other hand, there were no significant differences in saprotrophic richness between experimental treatments. The mycorrhizal/saprotrophic index is much lower for tilled plots than for mulched Table 1 Macrofungal taxa per experimental treatment (1-present, 0-absent): C-untreated plots (control), Mu-cutting of shrubs followed by deposition of plant residues on soil surface (mulching), P-cutting of shrubs followed by incorporation of plant biomass into the soil through tillage (ploughing) and Mo-cutting of shrubs followed by biomass removal and soil tilling (mowing); N8-code number used in PCA analysis; TG-Trophic group (M-mycorrhizal, Ssaprotrophic)
No
Macrofungal Taxa plots, with the higher value being found for control plots ( Table 2) . The Jaccard (J) index revealed a greater degree of similarity between the control and mulched plots followed by the ploughed and mowed plots for both mycorrhizal and saprotrophic taxa (Table 3) . The lowest J values were found between the control and ploughed and the control and mulched plots (for mycorrhizal taxa), indicating that these plots shared a low number of mycorrhizal species. In general, the J Fig. 1 Distribution, by genus, of total taxa collected during study period Table 2 Average richness (T-total richness, M-mycorrhizal richness and S-saprotrophic richness) plus the correspondent standard deviation per experimental treatment (Cuntreated plots (control), Mu-cutting of shrubs followed by deposition of plant residues on soil surface (mulching), Pcutting of shrubs followed by incorporation of plant biomass into the soil through tillage (ploughing) and Mo-cutting of shrubs followed by biomass removal and soil tilling (mowing)). M/S-number of mycorrhizal taxa above number of saprotrophic taxa values were lower when only mycorrhizal species were considered. Principle component analysis analysis revealed distinct patterns of species composition among experimental treatments. The first two principal components (axes) obtained with PCA analysis explained almost 60 % of the total variance contained in the initial data matrix, with axis one and two explaining, respectively, 48 % (eigenvalue 9.9) and 11 % (eigenvalue 2.3) of the total data variability. The first axis separates the non-tilled plots from the tilled plots while the second PCA axis also separates the control plots from the mulched plots but fails to distinguish between the two tilled treatments (Fig. 2) .
The clustering pattern displayed by most of the species highlights the strong correlation between them but makes it hard to locate them in the figure (Fig. 2 ).
However, it is possible to identify some tendencies: Amanita curtipes, Psathyrella candolleana and Volvopluteus gloiocephalus are strongly associated with mowed and ploughed plots; some species, such as Entoloma sinuatum, Hebeloma laterinum, Omphalotus olearius, Phaeomarasmius erinaceus and Polyporus arcularius, are linked to mulched plots; many mycorrhizal taxa included in the genera Amanita, Boletus, Cortinarius, Inocybe, Lactarius and Russula preferred undisturbed plots; while other species were absent or only appeared sporadically in tilled plots that showed some degree of association with the control and mulched plots (Cortinarius sp2, Hygrophorus arbustivus, H. russula, Inocybe bongardii, Lactarius cistophilus, Russula amoena, R. cyanoxantha, R. heterophylla).
Overall, most mycorrhizal species were absent from both tilled treatments. Some of them exhibited higher sensitivity to disturbances caused by experimental treatments and occurred exclusively in the control plots (Amanita phanterina, Boletus aereus, B. ferrugineus, B. impolitus, B. reticulatus, Chalciporus piperatus, Cortinarius sp3, Inocybe sp3, Lactarius azonites, Russula cistoadelpha, R. fellea, R. medullata, R. parazurea, Tricholoma saponaceum). On the other hand, nine species were not found in the control plots: Clitocybe sp2, Entoloma sinuatum, Hebeloma laterinum, Omphalotus olearius and Phaeomarasmius erinaceus, Amanita curtipes, Clitocybe sp1, Psathyrella candolleana and V. gloiocephalus.
Discussion
Considering the spatial scale of the assessment, the total richness of the epigeous Basidiomycota seemed consistent with others reports on cork and holm oak stands in the Mediterranean area ; Table 3 Jaccard Index (T-total taxa, M-mycorrhizal taxa and S-saprotrophic taxa), between experimental treatments (C-untreated plots (control), Mu-cutting of shrubs followed by deposition of plant residues on soil surface (mulching), Pcutting of shrubs followed by incorporation of plant biomass into the soil through tillage (ploughing) and Mo-cutting of shrubs followed by biomass removal and soil tilling (mowing)) Table 1 ). Filled triangle-untreated plots (control), open triangle-cutting of shrubs followed by deposition of plant residues on soil surface (mulching), open square-cutting of shrubs followed by incorporation of plant biomass into the soil through tillage (ploughing) and filled square-cutting of shrubs followed by biomass removal and soil tilling (mowing) Louro et al. 2009; Santos-Silva et al. 2011) . In fact, with a large sample area more species were expected although the experimental design was meant to ensure the homogeneity of the sampled area even at the risk of underestimating species richness. Overall, the taxonomic groups detected in our plots were generally very similar to those seen in other Mediterranean deciduous sclerophyllous forests (Richard et al. 2004) , with five genera (Russula, Inocybe, Amanita, Lactarius and Clitocybe) being the most speciose and collectively making up almost half of the total species. Azul et al. (2011) suggested that this may be explained by the very large array of species with diverse ecological requirements included in these genera. Mycorrhizal taxa dominated in control plots (M/ S = 2.1) and were well represented in the most species-rich genera (Russula, Inocybe, Amanita, Lactarius). Overall, it is possible to state that the study area was in good condition since the dominance of mycorrhizal over saprotrophic taxa has been identified as an indicator of ecosystem stability and health (Laganà et al. 1999) .
According to our results, the experimental treatments distinctly influenced the richness of epigeous Basidiomycota even after a long period. In this study, mulching caused a slight decrease in mycorrhizal species and a small increase in saprotrophic species. In fact, the strong similarity observed between the control and mulched plots highlights the great number of species shared by them. Mulching practices do not involve major soil disturbance, hardly affecting the below-ground mycelia networks although the deposition of plant residues can promote colonization by lignicolous species. For instance, Omphalotus olearius and Phaeomarasmius erinaceus occurred in mulched plots but were absent from control plots. However, some mycorrhizal species (mainly belonging to Boletus and Russula) seemed to be affected by mulching practices, most likely as a result of soil compaction and the deposition of organic matter. Moreover, many species included in those families are known to be linked to late successional ecological stages and to moderate plant cover (Santos-Silva et al. 2011 ). According to Canteiro et al. (2011) , nine years after the disturbances the original successional stage of the shrub community had not yet been reached. This fact, combined with the ecological preferences of Boletus and Russula, might also explain their lower representation in mulched plots.
Tillage practices (mowing and ploughing) caused a significant decrease in total taxa richness, particularly in the richness of mycorrhizal taxa. A comparable tendency was observed by Baptista et al. (2005) in their study of the effects of soil tillage on the diversity and abundance of macrofungi associated with chestnut trees in the northeast of Portugal. Similar results were also obtained by Hernández-Rodríguez et al. (2013) and Martín-Pinto et al. (2006) in studies of post-fire fungal succession, showing mycorrhizal species to be the most affected group. Since both mowing and ploughing reduce the number and quality of plant hosts, a reduction in the diversity of mycorrhizal taxa in the tilled plots was to be expected. In fact, shrub communities contribute greatly to below-ground mycorrhizal diversity by establishing multiple mycelia networks with other host trees and constituting reservoirs for mycorrhizal fungi inoculum after forest disturbances (Azul et al. 2010; Torres et al. 1995) . Disturbances such as tilling affect both root growth and distribution (Baker et al. 2007) , which means that mycorrhizal species inoculum have to overcome greater distances to reach the nearest undisturbed vegetation (Zervakis and Venturella 2007) . Also, soil tillage causes significant changes in soil properties (Panagoupolos et al. 2012 ) that can affect the prevalence of mycorrhizal species. The majority of mycorrhizal species present in the mowing and ploughing plots are known Cistus spp. mycorrhizal partners (Comandini et al. 2006) , mainly comprising members of the Hebeloma, Inocybe and Laccaria genera. Thus, it seems that mycorrhizal species exclusively associated with host trees were more affected than those that can also associate with shrubs. Tillage practices (mowing and ploughing) seem to have caused a regression of the Basidiomycota assembly to an early successional stage. This idea is supported by the low presence or even absence from tilled plots of mycorrhizal genera usually associated with later successional stages, such as Boletus, Russula, Lactarius and Cortinarius, and the presence of saprotrophic species, such as Psathyrella candolleana and Volvopluteus gloiocephalus, which are typical of disturbed habitats and usually appear in the early phases of fungal successions.
Conclusions
According to our results, the most common understory and soil-management practices associated with montados had a significant impact on the richness and composition of epigeous Basidiomycota, even after a long period of time. Mowing and ploughing strongly influenced the diversity of epigeous Basidiomycota, mainly through a decrease in mycorrhizal richness. Mulching caused a slight decrease in mycorrhizal species and a small increase in saprotrophic species. Boletus was the most affected taxonomic group by all experimental treatments but some other genera (Russula, Lactarius and Cortinarius) also exhibited great sensitivity to soil disturbances. Furthermore, saprotrophic communities seemed to recover faster from experimental disturbances, with similar richness values being found in the control and experimental plots at the end of the study.
